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Abstract:
The interaction of four deep choline chloride-derived eutectic solvents (DESs) with both graphene
nanoflakes (GNF) and its defective double-vacancy and Stone–Wales forms (DV-GNF and SWGNF), was evaluated using density functional theory (DFT). The presence of defects increases the
adsorption energy of DESs, following the order DES∩DV-GNF> DES∩SW-GNF > DES∩GNF.
Non-covalent interaction and energy decomposition analyses show that the interactions are
noncovalent and dominated by dispersive forces. Furthermore, we find that the presence of
aromatic moieties in the DESs increases the van der Waals interactions with the surfaces. These
interactions decrease the HOMO-LUMO (Eg) energy gap of the surfaces and thus increase
reactivity. Reactivity parameter calculations indicate that the chemical potential (µ) and chemical
hardness (η) of the complexes follow the order DES∩GNF > DES∩SW-GNF > DES∩DV-GNF.
This order is reversed for the global softness (S) and electrophilicity index (ω). Time-dependent
DFT (TD-DFT) calculations predict that the adsorption of DESs onto DV-GNF and SW-GNF
should red shift absorption, while the absorption spectrum of GNF surface remains unchanged
upon DES adsorption. The biggest changes in the absorption spectra are observed upon adsorption
of DESs on the DV-GNF surface due to the stronger affinity of the DESs for this surface.

Keywords: Graphene nanoflake, Defective graphene, Deep eutectic solvent, Noncovalent
interaction, DFT
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Introduction
Industrial applications increasingly require polar, non-aqueous solvents with a wide
operational temperature range; this includes uses in electronics, hydrogen capture, and
nanofabrication. Carbonates and ionic liquids have been common solutions to these challenges,[14] but suffer from a lack of biocompatibility and the need for synthesis.[5] In contrast, deep eutectic
solvents (DES)[6, 7] are prepared by the simple mixing of two naturally occurring organic solids,
archetypally choline chloride and urea, in a defined ratio such that the strong self-organized
intermolecular interactions between the two constituents prevent the phase-separation and
crystallization of either component.[6, 8] This results in a viscous liquid with a freezing point far
below that of either component alone. For example, a 1:2 mixture of choline chloride (m.p = 302
ºC) and urea (m.p = 133 ºC) provides a material with a melting point of 12 ºC.[9] In general, DESs
are defined as mixtures that remain liquids below 150 ºC, but in many cases they are liquid at
ambient temperature; this results from the choline chloride’s chloride anions forming strong
hydrogen bonds with the heteroatomic hydrogens of the partner ureas,[9] carboxylic acids,[10] or
polyols[11, 12] preventing phase separation and crystallization. Although other salts get used,
choline chloride (ChCl) is the dominant constituent in DES as it is a very inexpensive,
biodegradable and non-toxic quaternary ammonium salt which can be either extracted from
biomass or readily synthesized from fossil reserves through a very high atom economy
process.[13]
Although many DESs incorporate ionic compounds like ChCl, DESs differ from traditional
ionic liquids (ILs) both because DESs are always mixtures of two different compounds, but also
because they can be made from entirely non-ionic materials.[14] ChCl DESs offer advantages over
ILs through their low price; chemical inertness to water (leading to easy storage); simple
preparation through mixing bulk chemicals, thereby by-passing the purification and waste disposal
concerns generally needed for IL synthesis; and finally, DES are generally biodegradable,
biocompatible and non-toxic,[15, 16] making them green alternatives to ILs.[12, 17] These
advantages do not normally involve tradeoffs: the physico-chemical properties of DESs (density,
viscosity, refractive index, conductivity, surface tension, chemical inertness, etc.) are similar to
those of ILs.[7, 18, 19] These advantages are driving innovation in the field, leading to a rapid
expansion of the exploration of their utility for a variety of applications including for drug
formulation,[20]

chromatography,[21]

chemical
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analysis,[22]

biotechnology,[23]

nanofabrication,[24-26] battery technology,[27] natural products isolation,[11] photovoltaic
technology,[28] polymer science,[29] or organic synthesis.[30]
One of the most immediate proposed applications for DESs is for the synthesis of
functional materials like platinum nanoclusters,[31, 32] graphene nanosheets[25, 33-35] or
nanofluids.[36] DESs themselves have been effectively modeled to better understand the
interactions within the solvents: Sun and coworkers looked at ~64 nm3 boxes containing between
198 and 792 combined urea and choline chloride molecules and described the local ordering of the
systems.[37] Mamme and colleagues looked at the interaction between graphene and a DES in the
context of an electrochemical half-cell where the graphene makes up the surface of an idealized
electrode.[38] The focus in the modelling has been on the nature of the organization of the DES
on the surface for charge shielding the electrode: Atilhan and coworkers described Reline’s (the
tradename for a 2:1, urea: ChCl) interactions in silico with uncharged idealized aluminum, silver,
platinum and graphene surfaces using molecular dynamics (MD) simulations.[39-41] Kaur’s MD
calculations of graphene highlighted the role of the urea in reline interacting with the graphene.[42]
The most recent report from Rozas, Atilhan and Aparicio detailed the behaviour of Reline at the
surface of graphene, boron nitride, silicene, germanene, molybdenum disulfide and between
closely-spaced parallel nanosheets of these materials to mimic the conditions in nanopores.[43]
This analysis indicated that the urea component of the DES drove the formation of well-defined
monolayers on the surface, while the second layer already adopts the structure of bulk solvent;
only in the case of very narrow slits (10 vs 20 Å) was surface-dependent organization observed for
the solvent.[43]
What all these studies have in common is the perfect regularity of an idealized surface.
However, certainly for synthetic or exfoliated graphene, this assumption is not valid as the surface
is inevitably rich with imperfections whether oxidative with the presence of epoxides or
alcohols,[44, 45] or topological with mixtures of mono-vacancies, multi-vacancies, pentagonheptagon pairs (the so-called Stone-Wales defect), and adatoms.[46, 47] These are readily
produced during the generation of functionalized single graphene sheets (FGSs) from the thermal
expansion of graphite oxide (GO), or chemical vapor deposition.[48] These chemical alterations
would certainly affect the nanomaterial’s properties. This study seeks to remedy this oversight in
the literature.

4

The structural, energetics, dynamics, and properties of several DESs comprising ChCl as
the hydrogen bond acceptor (HBA) and urea, glycerol, ethylene glycol and benzoic acid as
hydrogen bond donors (HBD) at pristine graphene and imperfect graphene nanoflake interfaces
are our focus, especially the role of the HBD on the adsorption energy, orientation with respect to
the surfaces, and charge transfer between the DESs and the 2D-surfaces. This is determined
through the calculation of the adsorption energy, charge transfer, energy decomposition analysis
(EDA), noncovalent interactions, HOMO-LUMO energy gap and the reactivity parameters.
Finally the impact of DES adsorption on the optical properties of the surfaces are calculated and
compared to each other to obtain greater insight into the differences in influence on the physical
properties of graphene nanoflake caused by double-vacancy (5-8-5) and Stone–Wales (55-77)
defects. To the best of our knowledge, this is the first computational study comprehensively
investigating the effect of defects and DES adsorption on the optical properties of non-covalent
functionalized graphene nanoflake surfaces.
2. Computational details
The graphene nanoflake (GNF) model (circumcoronene, C54H18) containing 19 hexagonal
benzene-like rings was chosen as the initial structure for building the double-vacancy (5-8-5) and
Stone–Wales (55-77) graphene nanoflakes (DV-GNF (C52H18) and SW-GNF (C54H18)). The DVGNF model was generated by removing two carbon atoms from the center of the GNF model. The
SW-GNF model was built by changing the connectivity of two of the π-bonded carbon atoms in
the center of GNF model, rotating them by 90° with respect to the midpoint of their bond. These
models were previously built for our recent analysis of their interaction with ionic liquids.[49] The
workflow for identifying the lowest energy state for each DES-nanosheet pair follows our
previously published protocol.[49-54]
Optimizations were performed for each molecule using Gaussian09 (details below):
chloride anion ([Cl]-), choline cation ([Ch]+), urea, glycerol, ethylene glycol, benzoic acid, pristine
graphene nanoflake (GNF), Double-Vacancy (DV)-GNF and Stone-Wales (SW)-GNF) defect
nanoflakes, and the choline chloride ion pair. For each DES, several starting geometries were built
from previously optimized geometries (Figure 1). These geometries were built by prioritizing
hydrogen bond interactions between the HBDs and Cl- and especially interjecting HBD molecules
between the Ch+ cation and Cl- anion. Both coplanar arrangements, and out-of-plane geometries
of [ChCl][HBD] were considered.
5

To build the models for examining the interaction of DESs with the GNF, DV-GNF and
SW-GNF surfaces, each of the different geometries established above were placed 2.7 Å (nearest
atom distance) from the nanosheets in different possible orientations. Optimization proceeded to
adsorb the DES onto the surfaces, driven by a combination of π∙∙∙[Cl]-, X-H (X = C, N, O)∙∙∙π,
π∙∙∙π, and O/N∙∙∙π interactions. Structures were then ranked according to their total energy; the
most stable geometry, which with the most negative energy, for each DES-surface pair were
identified.
All geometry optimization calculations were carried out using the M06-2X functional with
D3 dispersion corrections according Grimme’s scheme[55] employing the cc-pVDZ basis set.
Vibrational frequencies were calculated at the M06-2X/cc-pVDZ level and indicated that all the
optimized structures of the DESs, the DES∩surface complexes, and the individual constituent
components of the latter correspond to energetic minima and not imaginary frequencies.
The binding energy (Eb) values between HBA and the HBDs were calculated at the M062X/cc-pVDZ level using Equation 1:
Eb = E(DES) – [E(HBA) + E(HBD)]

(1)

where E(DES), E(HBA) and E(HBD) terms are the total energy of deep eutectic solvent, the ChCl ion
pair, and the hydrogen bond donor molecules (urea, glycerol, ethylene glycol, benzoic acid),
respectively.
The adsorption energy (Eads) of the DESs on the GNF, DV-GNF and SW-GNF surfaces
were calculated using the same level of theory according to Equation 2:
Eads = E(surface…DES) – [E(DES) + E(surface)]

(2)

where E(surface…DES), E(DES) and E(surface) are the total energy of the DES∩surface complexes, DES,
and the surfaces (GNF, DV-GNF or SW-GNF), respectively. The binding energies and adsorption
energies were corrected for basis set super position errors (BSSEs) using Boys-Bernardi’s
counterpoise method.[56]
The non-covalent intermolecular interactions between the DESs and surfaces were
calculated and visualized using Multiwfn 3.7 and VMD 1.9.3, respectively.[57, 58] The nature of
the non-covalent interactions was determined through energy decomposition analysis (EDA) as
deployed in the Amsterdam Density Functional (ADF) (2013.01) package.[59-61] The charge
transfer values between the DESs and surfaces were computed using ChelpG charge analysis.[62]
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The energies of the highest occupied molecule orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the surfaces and the DES∩surface complexes were calculated,
following the geometry optimization, at the M06-2X/cc-pVDZ level of theory. Then, the HOMOLUMO energy gap (Eg = ELUMO - EHOMO), electronic chemical potential (µ = (EHOMO + ELUMO)/2),
chemical hardness (η = (ELUMO – EHOMO)/2), global softness (S = 1/η) and electrophilicity index
(ω = µ2/2η) parameters were calculated for the surfaces and their complexes with the DES
molecules.[63-65] Time-dependent (TD)-DFT calculations were done at the M06-2X/cc-pVDZ
level of theory to investigate the effect of DES adsorption on the optoelectronic properties of the
surfaces. In the TD-DFT calculations, ten excited states were considered for each surface and
DES∩surface complex. All geometry optimizations and molecular property calculations reported
in this study were carried out using the Gaussian 09 D.01 program package.[66]

3. Results and discussion
3.1. DES structures. In the idealized [ChCl] structure, the [Ch]+ cation interacts with [Cl]- anion
through O-H∙∙∙[Cl]- and C-H∙∙∙ Cl]- hydrogen bond interactions (Figure 1). The presence of urea,
glycerol, ethylene glycol, and benzoic acid as HBD in the DES liquids further stabilizes these
complexes (Table 1). This improvement in the Eb value is due to the formation of new
thermodynamically favoured H-bond interactions between [ChCl] and the HBD components. In
all four solvents created, the choline chloride ([ChCl]), adopts a similar configuration with the
chloride anion sitting equidistant from the ammonium and hydroxyl group and between the choline
cation and the other material in the solvent (Figure 1). It mediates interactions between the two
partners, generally forming one or more hydrogen bonds with the hydrogen bond donor (HBD)
component. This is best demonstrated by [ChCl][Ethylene glycol] where the carbon-carbon bond
orients such that both hydroxyl groups can interact with the chloride. In all cases, regardless of the
starting geometry, including in those where we interceded the HBD between the chloride and the
choline, the system returns to this clearly preferred conformation. This is consistent with the
findings of others in the literature.[67] The structures of both defective and defect-free graphene
were taken from our previous report, and the material adopts the expected plane.[49] All DESs
were optimized as the 1:1 stoichiometry for this study, although ideal DESs generally have 1:2
stoichiometry for ChCl:urea,[68] ChCl: ethylene glycol,[69] ChCl: glycerol,[70] and ChCl:
carboxylic acids,[10] the active unit interacting with the surface has been shown to include the 1:1
7

complex.[41] These systems, the DES and the graphene nanosheets, were then investigated for
their adsorption.
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Figure 1. Lowest energy molecular structures of HBDs, HBA, DESs, GNF, DV-GNF and SWGNF surfaces.
Table 1. The calculated corrected binding (Eb in kcal/mol) and adsorption (Eads+D3 in kcal/mol)
energies corrected by Grimme’s D3 protocol of the DES; and charge transfer (CT in e), the energy
of HOMO (EHOMO) and LUMO (ELUMO) orbitals (in eV), HOMO-LUMO energy gap (Eg in eV)
and HOMO-LUMO energy gap changes (ΔEg in eV) of the surfaces and the surface∙∙∙DES
complexes.
Structure

Eb

[Ch][Cl]
[ChCl][urea]
[ChCl][Ethylene glycol]

-104.76
-18.80
-17.95

[ChCl][Glycerol]

-18.51

[ChCl][Benzoic acid]

-19.00

Eads+D3

a

CT

EHOMO

ELUMO

Eg

GNF

-6.09

-1.77

4.32

DV-GNF

-6.08

-2.51

3.57

SW-GNF

-5.90

-2.22

3.68

ΔEg

[ChCl-Urea]∩DV-GNF

-18.75

-0.0609

-6.06

-2.53

3.53

-0.79

[ChCl-Urea]∩SW-GNF

-17.37

0.0121

-5.91

-2.36

3.55

-0.02

[ChCl-Urea]∩GNF

-16.74

0.0265

-6.10

-1.82

4.28

0.6

[ChCl-Ethylene glycol]∩DV-GNF

-18.31

-0.0176

-6.21

-2.70

3.51

-0.81

[ChCl-Ethylene glycol]∩SW-GNF

-16.87

-0.0475

-5.99

-2.33

3.66

0.09

[ChCl-Ethylene glycol]∩GNF

-15.26

-0.0197

-6.02

-1.74

4.28

0.6

[ChCl-Glycerol]∩DV-GNF

-19.75

-0.0629

-6.05

-2.72

3.33

-0.99

[ChCl-Glycerol]∩SW-GNF

-17.87

-0.0148

-5.98

-2.33

3.65

0.08

[ChCl-Glycerol]∩GNF

-17.20

-0.0251

-6.06

-1.80

4.26

0.58

[ChCl-Benzoic acid]∩DV-GNF

-25.50

0.0202

-6.11

-2.57

3.54

-0.78

[ChCl-Benzoic acid]∩SW-GNF

-21.10

-0.0368

-5.72

-2.05

3.67

0.1

[ChCl-Benzoic acid]∩GNF

-20.91

-0.0294

-5.86

-1.60

4.26

0.58

a

CT is the charge transfer between the DESs and surfaces, obtained through calculation of
ChelpG charge on the surfaces in the surface∙∙∙DES complexes.
3.2. Adsorption of DESs on the GNF, SW-GNF and DV-GNF surfaces
The interaction between DESs and the surfaces were analyzed using DFT. Starting with multiple
initial states for each DES-nanosheet pair, the systems always converged to definite global
minimums (Figure 2). There is no general pattern in the mode of interaction. For urea-based DESs,
the chloride sits on the surface-side of the DES, and the urea sits with the carbonyl bond parallel
to the nanosurface. The relative configuration of the DES remains similar to the optimized isolated
structure: the N-H bonds point to the [Cl]-, and the anion also interacts with the hydroxyl group of
9

the choline and through a non-classical H-bond to one of the hydrogens of the ammonium’s methyl
groups. The nonplanarity of −NH2 group in urea molecule of urea-based DESs on top of the

[ChCl-Urea]∩GNF

[ChCl-Urea]∩SW-GNF

[ChCl-Urea]∩DV-GNF

[ChCl-Ethylene glycol]∩GNF

[ChCl-Ethylene glycol]∩SW-GNF

[ChCl-Ethylene glycol]∩DV-GNF

[ChCl-Glycerol]∩GNF

[ChCl-Glycerol]∩SW-GNF

[ChCl-Glycerol]∩DV-GNF

[ChCl-Benzoic acid]∩GNF

[ChCl-Benzoic acid]∩SW-GNF

[ChCl-Benzoic acid]∩DV-GNF
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Figure 2. The most stable geometries of each of the surface∙∙∙DES complexes calculated at the
M06-2X/cc-pVDZ level of theory.
surfaces indicates the trend of these hydrogen atoms to interact with the carbon atoms at the
surfaces.
For the ethylene glycol system, the DES adopts a more open configuration. In isolation the
DES sits with the chloride embraced by both hydroxyls of the diol, along with the choline’s
hydroxyl and C-H from a methyl group. This is disrupted in the presence of the nanosheet. The
chloride generally maintains the interactions with the choline, but breaks one of those with the
diol. In terms of interaction with the sheet, one of the oxygens of the diol approaches the surface,
but there are no other conserved geometric features. [ChCl]-[Glycerol] interacts with the
nanosheets through two of the hydroxyl groups on the glycerol and C-H bonds from methylene
and methyl groups, adopting a broadly similar conformation regardless of the nature of the surface,
and remaining similar to the geometry in the isolated DES. [ChCl]-[benzoic acid] also maintains
the same conformation irrespective of the presence of the nanosheets, with a curious difference
from all the other DES in that the hydroxyl group of the choline pints down towards the nanosheets
instead of up towards the solvent like it does in almost all the other systems. In all cases with this
DES, the phenyl ring participates in π-π interactions with the surface, leading to the COOH group
sitting parallel to the surface rather than interacting directly with it. In terms of the graphene
nanoflake (GNF), the presence of the defects has little consistency in how they interact with the
DES. Defect-free GNF itself remains quite flat, the fully conjugated system preventing ready
distortion of the surface upon approach of the DES solvents. Stone-Wales defective GNF (SWGNF) have an intermediate bend, while the double vacancy (DV-GNF) defects allow for the
greatest bend in the surface, which maximizes the binding surface interaction.
This is reflected in the energies of adsorption: regardless of the DES, the adsorption is best
to the DV-GNF, then to SW-GNF, and poorest to GNF itself (Table 1 and Figure 3). The difference
between SW-GNF and GNF is quite moderate for [ChCl-benzoic acid], but the trend is always
maintained. This order reveals that the presence of defects on the GNF surface increases the
adsorption energy of DESs on the GNF surface. DV-GNF provides the best binding due to the
flexibility of the surface allowing it to maximize contacts, followed by SW-GNF and comparably
rigid GNF. In terms of the DES, binding is best to[ ChCl-benzoic acid] as the flat phenyl ring and
the associated substituents, provide excellent opportunities for maximizing contact as they sit
11

parallel to the surface in all cases, leading to higher van der Waals interactions in comparison with
other HBDs. [ChCl-glycerol]’s better binding over the [ChCl-ethylene glycol] is justified
considering higher number of atoms in the glycerol than ethylene glycol, which leads to a higher
number of van der Waals interactions. [ChCl-urea] is intermediate between the two as the very
strong urea H-bond compensates for the smaller surface of this DES. As a result, the Eads+D3
values for adsorption of DESs on the surfaces follow the order [ChCl-benzoic acid]> [ChClglycerol]> [ChCl-urea]> [ChCl-ethylene glycol].
Binding results in minimal charge transfer; generally, the transfer is from the DESs to the
surfaces with the exception of [ChCl-urea] where the transfer is reversed for both SW-GNF and
GNF surfaces, although the net change is very moderate in all cases. However, binding does affect
the frontier molecular orbitals on nanoflakes, with the HOMO-LUMO energy gap (Eg) of the
surfaces decreasing with adsorption of DES molecules (Table 1). This implies that the surfaces’
reactivity increases upon DES adsorption. The HOMO does not change significantly for either
GNF or SW-GNF, though it rises in energy for DV-GNF upon binding to the DES (with the largest
change being of 0.36 eV upon benzoic acid binding); but the LUMO does change. For GNF, it
becomes far more negative (ranging between -0.76 eV for [ChCl-urea] to -0.95 eV for [ChClglycerol]). Consequently, for GNF, the FMO gap closes upon binding. This is in contrast to the
two defective GNFs where the LUMO rises in energy (Table 1). For SW-GNF, this rise is offset
by the change in the HOMO, leading to effective maintenance of the FMO gap, while for DVGNF, it leads to a considerable increase in the FMO gap of about 0.6 eV regardless of the nature
of the DES. In general, this data suggests that although the different DES adopt different
conformations from each other, and adopt different conformations with the different GNFs, the
changes in the electronics of the systems are largely independent of the nature of the HBD; as the
changes in the MOs are largely a result of the distortion of the surfaces rather than due to orbital
interactions with specific DES. However, although this analysis provides insight into the relative
adsorption energies of the system, it doesn’t explain which components of the interaction drive the
favorable adsorption.

3.3. Energy decomposition analysis
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We employed energy decomposition analysis (EDA) on the DES∩surface complexes to
understand the role and magnitude of noncovalent interactions in the adsorption process. This is
used to isolate the contributing factors to the overall interaction energy (ΔEint) between two parts

Figure 3. Plot of the total interaction energy (black), and its contributing components for each
solvent-surface pair. Full table of values is provided as Table S1.

of a system (the energetic interactions between components X and Y in a putative molecule XY),
and although primarily employed for covalent interactions, especially in inorganic chemistry, it is
also useful for strong supramolecular complexes. In this case, we define the two moieties as the
surface and the DES. EDA deconvolutes ΔEint into its four components: the exchange repulsion
energy (ΔEPauli), arising from the unfavorable reorganization of electrons to higher energy states
that is required as the simple product of the wave functions of both components provides electrons
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in orbitals that violate the Pauli exclusion principle; the Coulombic interaction between the frozen
charge densities of both components at the mean energy conformation (ΔEelec); the orbital mixing
energy (ΔEorb), representing the energy released due to covalent bond formation as the molecular
orbitals of the two components mix to form new, lower energy, molecular orbitals; and the
dispersion energy (ΔEdisp) that represents the attractive interaction that arises as a function of
induced dipoles in the two moieties.
The interaction energies of these systems (ΔEint), calculated at the PBE-D3/TZP level of
theory from the optimized structures (Figure 2) track the adsorption energies as expected, and
range from -24.23 kcal/mol for [ChCl-Benzoic acid]∩DV-GNF to -15.86 for [ChCl-Ethylene
glycol]∩SW-GNF. Using EDA, this was partitioned into its components. As always, the ΔEPauli is
highly unfavorable for all pairs of DES and surfaces (Figure 3, Table S1). This is compensated by
strongly favorable interactions in the ΔEelec, ΔEorb, and ΔEdisp terms. For easier comparison, the
percent contribution of these to the total favorable energy was calculated (Table S1).
Unsurprisingly, as these are large non-covalent complexes formed between a highly conjugated
surface and a salt, ΔEdisp > ΔEelec> ΔEorb, in all cases. The ΔEorb is surprisingly high for a noncovalent system varying between 20.4% of the energy in [ChCl-Benzoic acid]∩GNF to 30.2% in
[ChCl-Urea]∩DV-GNF. The high stability of non-defective graphene means that this contributor
is generally lower for GNF than for either defective surface. The ΔEelec varies from 27.6 % for
[ChCl-Urea]∩GNF to 36.08% for [ChCl-Ethylene glycol]∩SW-GNF. Both of these values are
outliers (the other 10 pairs lie between 29 and 34%). This is likely more due to shifts in the other
two parameters than due to specific Coulombic attractions. Finally, the ΔEdisp varies between
49.5% of the attractive energy in [ChCl-Benzoic acid]∩GNF to 36.6% for [ChCl-Urea]∩DVGNF it is unsurprisingly higher for the benzoic acid-containing DES as this conjugated system
can readily reorganize induced dipoles upon approach to the surface, and is likewise also higher
for defect-free GNF for the same reason. The lack of clear potential covalent-like interactions
between both defect-less graphene and benzoic acid is likely responsible for this trend.

3.4. Non-covalent interaction (NCI) analysis
The attractive interactions were also plotted using non-covalent interaction plot analysis
(NCI, Figure S1), which visualizes non-covalent interactions and defines their nature as either
14

repulsive or attractive by plotting the 2D scatter graphs, the magnitude of the electron density
signed by the second eigenvalue of the density Hessian (sign(λ2)ρ) versus regions of very lowreduced density gradient (RDG), and 3D color graphs of RDG.[57] These isosurfaces show both
the favorable and unfavorable interactions between unbound atoms, defined by the sign of the
second Hessian eigenvalue of the density (λ2). The colorometric scale quantifies the strength of
the interactions (Figure S1). The green region shows the van der Waals (vdW) interactions, whose
values are close to zero regardless of the negative or positive horizontal axis direction in the 2D
scatter plot. Strong attractions, including hydrogen bonds, electrostatic interactions, and covalent
bonds are indicated in blue, corresponding to the small negative numbers of the horizontal ordinate
in the 2D scatter plot. Strong repulsion interactions such as steric effects in ring and cage are
represented in red, which correspond to large positive numbers on the ordinate axis.[57, 58]
The NCI isosurfaces indicate that the interactions are near universally favourable,
especially between the chloride ion and the surface in all structures. Many of the strongest
interactions are between an atom on the DES and the centroid of a ring on the surfaces, especially
with the hydroxyl of the choline, glycerol, or ethylene glycol and the N-H bond of urea when it is
oriented towards the surface. The other notable array of stabilizing interactions are concentrated
between the benzoic acid and the surfaces. In all cases, our optimized structure has the aromatic
rings stacked parallel, positioning the oxygens of the benzoic acid directly over the centroids of
adjacent hexagons of the surfaces. These then interact with a strong attractive interaction helping
hold the molecule in place.
Furthermore, as seen in Figure S1, the blue colors in the 2D scatter plots correspond to the
interactions between the [Cl]- anion and the hydroxyl groups in choline, glycerol, ethylene glycol,
or benzoic acid, shown in the RDG isosurfaces. The interactions between the surfaces and DESs
are van der Waals in nature. This result is in good agreement with the results obtained from EDA
analysis. In general, the plots of the NCI interactions demonstrate that attractive and repulsive
interactions are largely in balance but have the expected slight preference for short range attractive
interactions.

3.5. Reactivity parameters of the surfaces and their complexes with DESs
Binding does modulate the reactivity parameters of the surfaces. We calculate the chemical
potential (µ), chemical hardness (η), global softness (S) and electrophilicity index (ω) for the
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surfaces and their complexes with DESs (Figure 4, and Table S2). The chemical potential trend
is clear DES∩GNF> DES∩SW-GNF > DES∩DV-GNF, which is what would be expected
based on entropic arguments around the nature of the surface. The calculated Eg values of the
surfaces and their complexes with DESs are related to their η and S values. In this regard, the
molecular

Figure 4. Comparison of Eg, µ, η, S, and ω values of (a) DV-GNF and DES∩DV-GNF
complexes, (b) SW-GNF and DES∩SW-GNF complexes (c) GNF and DES∩GNF complexes.
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system with larger Eg value has a higher η value than that with smaller Eg value. This is because
the molecular systems with smaller Eg and η values are more polarizable than those with higher Eg
and η values. Therefore, they have higher chemical reactivity and lower kinetic stability, making
them “soft”. Both chemical hardness and the electrophilicity index are the inverse DES∩DV-GNF
> DES∩SW-GNF > DES∩GNF, which is consistent with the more covalent nature of the defectcontaining graphene surfaces. This order also shows that the chemical hardness of the complexes
decreases with increasing the adsorption energies, while the electrophilicity index values increases.
The global softness trend for the complexes is DES∩DV-GNF> DES∩SW-GNF > DES∩-GNF,
which shows a higher reactivity for the DES∩DV-GNF complexes than for the other complexes.
In all cases, the addition of the DES does little to affect the properties of the parent surface, save
with [ChCl-benzoic acid] which decreases the chemical hardness and especially the
electrophilicity index, for all systems through the larger induced changes to the dipoles that are
formed to accommodate the aryl DES. The DESs have only a moderate effect on the reactivity
parameters of the surfaces.
3.6. UV-Vis absorption spectra
To gain insight into the effect of DES adsorption on the UV-Vis absorption spectra of the GNF,
DV-GNF and SW-GNF surfaces, the optical properties of the surfaces and their complexes,
including wavelengths (λ), excitation energies (E), oscillator strengths (f), excitation coefficients,
main transition configurations and excitation states, were calculated at the TD-M06-2X/cc-pVDZ
level of theory (Table S3). These same calculations provided predicted UV-Vis absorption spectra
(Figure 5). The GNF, SW-GNF and DV-GNF surfaces all adsorb within the visible region of the
energy spectrum. The primary GNF absorption band (λmax = 363 nm; HOMO-1→LUMO+1),
arises due to the π → π* transitions, shifts and weakens when defects are introduced into the GNF
surface (to 348 nm in DV-GNF and 375 nm in SW-GNF). Several new weak absorption peaks
arise in these systems due to the symmetry breaking.
The spectral properties of the surfaces are further modified upon adsorption of DES. The
DV-GNF absorption spectrum is dominated by the three adsorptions at λ = 348 nm (HOMO1→LUMO+2), λ = 461 nm (HOMO-2→LUMO), and λ = 649 nm (HOMO→LUMO). The main
absorption peak at λ = 348 nm is red shifted with adsorption of DES molecules (Figure 5). The
highest red shift is seen for [ChCl-Glycerol]∩DV-GNF. In the case of SW-GNF, the main
absorption peak is seen at λ = 375 nm (HOMO→LUMO+1). In addition, three weak absorption
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peaks are observed at λ = 425 nm (HOMO-1→LUMO+2), λ = 515 nm (HOMO-1→LUMO) and
λ = 613 nm (HOMO→LUMO). Again, the main SW-GNF adsorption signal red shifts in the
presence of DES. The calculated spectra of DES∩GNF complexes are similar to those of the native
GNF surface, indicating that the DES adsorption does not change the absorption spectrum. This
can be related to the weaker interaction between DES and GNF.
A comparison between the changes in the shapes of absorption spectra of the surfaces when
exposed to the DES shows that DES∩DV-GNF has the greatest shift, with DES∩GNF having the
smallest shift, and DES∩SW-GNF being of intermediate value. This order is in good agreement
with the order observed for the corrected adsorption energy (Eads+D3) of DESs on the surface: the
greater the Eads+D3 value, the greater the changes in the absorption spectra upon exposure to the
DES.
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Figure 5. The UV-Vis absorption spectra of GNF, SW-GNF and DV-GNF surfaces and their
complexes with DESs, calculated at the TD-M06-2X/cc-pVDZ level of theory.

4. Summary and Conclusion
In this study, the adsorption of DESs on the GNF, DV-GNF, SW-GNF surfaces was investigated
at the M06-2X/cc-pVDZ level of theory. Geometry optimization shows that all DESs adopt
configurations that have the chloride of the choline salt bridging the choline cation with the
hydrogen bond donor (HBD) component. In these configurations, the HBDs interact with the
chloride anion through their –NH2 and –OH groups. Furthermore, the NCI and EDA analyses
reveal that the DESs adsorption is non-covalent and dominated by dispersion energies.
Our ChelpG charge analysis reveals that the charge transfer process mainly occurs from
DESs to the surfaces. The DESs show reasonable affinity for the surface, with better affinity for
defective surfaces of DV-GNF and SW-GNF rather than GNF surfaces, following the order DVGNF> SW-GNF> GNF. This is largely due to the ability for the former to better adapt to the shape
of the DES, and ability to more easily adapt to mixing of the molecular orbitals. In all cases,
adsorption is energetically favourable indicating that these DES would excellently wet the
surfaces. The greater potential surface area of [ChCl-benzoic acid] and its ability to form π-π
interactions with the surface provide it with higher affinity for all surfaces, while the lesser
interactions available to [ChCl-ethylene glycol] render it the least effective binder, although this
might be compensated for by its smaller molecular volume in a bulk system.
Orbital energy calculations show that the adsorption of DESs on the surfaces leads to a
reduction in the HOMO-LUMO energy gap (Eg) of the surfaces. The change in the HOMO and
LUMO energy levels decreases the chemical hardness and increases the electrophilicity index of
the surfaces. Moreover, the optical properties of the surfaces and their complexes with DESs show
that the DES adsorption has more effect on the absorption spectra of DV-GNF and SW-GNF
surfaces than on the GNF surface, DV-GNF> SW-GNF> GNF. This occurs due to higher
adsorption strength of DESs on the DV-GNF and SW-GNF surfaces. In addition, DES adsorption
through noncovalent interactions leads to red shifts in the absorption spectra of the DV-GNF and
SW-GNF surfaces. The approach used in this study is useful for helping to predict the affinity of
custom DES with specific surfaces and could help with the design of new energy storage materials.
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